Abstract Caspase-3, -6 and -7 cleave many proteins at specific sites to induce apoptosis. Their recognition of the P5 position in substrates has been investigated by kinetics, modeling and crystallography. Caspase-3 and -6 recognize P5 in pentapeptides as shown by enzyme activity data and interactions observed in the crystal structure of caspase-3/ LDESD and in a model for caspase-6. In caspase-3 the P5 main-chain was anchored by interactions with Ser209 in loop-3 and the P5 Leu side-chain interacted with Phe250 and Phe252 in loop-4 consistent with 50% increased hydrolysis of LDEVD relative to DEVD. Caspase-6 formed similar interactions and showed a preference for polar P5 in QDEVD likely due to interactions with polar Lys265 and hydrophobic Phe263 in loop-4. Caspase-7 exhibited no preference for P5 residue in agreement with the absence of P5 interactions in the caspase-7/LDESD crystal structure. Initiator caspase-8, with Pro in the P5-anchoring position and no loop-4, had only 20% activity on tested pentapeptides relative to DEVD. Therefore, caspases-3 and -6 bind P5 using critical loop-3 anchoring Ser/Thr and loop-4 sidechain interactions, while caspase-7 and -8 lack P5-binding residues.
Introduction
Caspase family members induce apoptosis by cleavage of diverse protein substrates, although many of the signaling pathways and potential substrates are poorly characterized. Altered caspase-mediated apoptosis is associated with many diseases. Increased caspase activity and apoptosis are observed in stroke and neurodegenerative diseases like Alzheimer's, Parkinson's and Huntington's disease [1] [2] [3] [4] . Apoptosis has been implicated in the death of cardiomyocytes during acute myocardial infarction, as well as for the progressive loss of surviving cells in failing hearts [5, 6] . In contrast, reduced caspase activity is associated with cancer, autoimmune diseases, and viral infections [7] [8] [9] [10] . Pan-caspase inhibitors are in clinical trials for acute myocardial infarction and liver transplants [11, 12] . Knowledge of the substrate specificity of caspases is vital for identifying signaling pathways leading to apoptosis in normal cells and disease states and for the rational design of selective therapeutic agents to control cell death.
The caspase family comprises cysteine proteases that cleave the peptide bond after an aspartic acid in their protein substrates. They are subdivided into inflammatory and apoptotic caspases based on their function and prodomain structure. The mammalian apoptotic caspases include initiators and effectors of apoptosis. The initiator caspases-2, -8, -9, -10 and -12 activate the effector, or executioner, caspases-3, -6, and -7 by cleaving the procaspase to form the active enzyme [13, 14] . The active caspases-3, -6, and -7 hydrolyze many protein substrates in the signaling pathways leading to apoptosis [15] . The crystal structures have been solved for the apoptotic caspase-2, -3, -7, -8, -9, in their complexes with protein inhibitors, peptide analogs and non-peptide inhibitors [16] [17] [18] . The enzymatically active caspase is a heterotetramer of two large and two small subunits formed by cleavage of a procaspase dimer. Peptide substrates or inhibitors bind in two similar active sites formed between the large and small subunits of the two heterodimers.
The substrate specificity of apoptotic caspases has been defined by studies of peptides. Most studies have focused on tetrapeptide substrates of residues P4-P1, where cleavage occurs after the P1 residue. Caspase-2, -3 and -7 prefer the tetrapeptide DEXD, while caspase-6, -8 and -9 recognize L/VEXD [13, 19] . The effector caspases-3 and -7 are very similar; they share 56% sequence identity and preferentially recognize DEVD. Recently, the substrate recognition sequence was extended to P5 for caspase-2 and -3. The P5 position was determined to be essential for recognition by caspase-2 [17] . Similarly, caspase-3 was shown to preferentially recognize pentapeptides with hydrophobic amino acids at P5 over tetrapeptides [20] . Caspase-6 shares 37 and 41% sequence identity with caspase-7 and -3, respectively. However, caspase-6 differs from the other two caspases in preferring the substrate sequence LEHD rather than DEVD. The possibility of recognizing the P5 residue in substrates has not been explored for caspase-6. Moreover, many cellular protein substrates are cleaved at non-canonical sequences and it is often not known which caspase acts on a particular protein [15, 21] .
In order to provide additional specificity data for identification of the protein substrates and signaling pathways of each executioner caspase we have further investigated caspase recognition of the P5 position in peptide substrates. The specificity of the executioner caspases was investigated for polar or hydrophobic P5 residues using the colorimetric substrates Ac-QDEVD-pNA and Ac-LDEVDpNA, and tetrapeptide Ac-DEVD-pNA as a control, where Ac is the acetyl group and pNA is p-nitroanilide. Crystal structures were solved of caspase-3 and -7 in their complexes with the pentapeptide Ac-LDESD-CHO, and molecular models were constructed for the caspase-6 complex. The relative activity on the substrates agrees with the caspase residues forming the S5 site and their interactions with the P5 position.
Materials and methods

Reagents
Restriction enzymes were purchased from both New England BioLabs, Inc. and Stratagene. PCR SuperMix was purchased from Stratagene. All media were obtained from Difco or Gibco BRL. SDS-PAGE standards were purchased from Pharmacia. Other chemicals were obtained from Sigma. The colorimetric substrates were Ac-DEVDpNA from Biomol International, PA, Ac-QDEVD-pNA and Ac-LDEVD-pNA from EZBiolab, IN, where Ac is the acetyl group and pNA is p-nitroanilide. The inhibitor Ac-LDESD-CHO was obtained from EMD Chemicals, Inc., NJ.
Vector construction for caspase-6
Human caspase-6 (EC 3.4.22.59) was engineered as a truncated, prodomain-less, construct MetSerPhe 25 -Asn
293
(similar to [22] ) of the caspase-6 isoform alpha. The pOTB7 vector (Invitrogen), containing full-length cDNA of caspase-6 (NCBI database ID: NM_001226, NCBI accession BC000305) was used as a template and amplified by PCR using the primers: 5 0 -GAATTCATGTCGTTCTAT AAAAGAGAA-3 0 and 3 0 -CTCGAGATTAGATTTTGGA AAGAAATG-5 0 to introduce EcoR1 and XhoI restriction sites, respectively. The PCR transcript was subcloned into the TOPO XL vector (Invitrogen) through the blunt ends. The amplified DNA was excised with EcoRI/XhoI endonucleases and the caspase-6 construct was recloned into the bacterial expression vector pET23b as an EcoRI-to-XhoI fragment by ligation reaction and expressed in Escherichia coli BL21DE3 (Stratagene Inc) cells with a C-terminal (His) 6 tag. The sequence of the construct was confirmed by the dideoxynucleotide chain-termination method using primers to T7 promoter and terminator.
Expression and purification of caspase-6
The expression construct was transformed into E. coli BL21DE3 cells (Stratagene Inc) according to the manufacture's protocol and the cells were grown on an LB/ ampicillin plate overnight. Next day, one colony was transferred into 10 ml LB medium containing ampicillin (100 mg/ml) and the culture was grown overnight at 37°C with shaking. The 1000 ml of LB medium containing ampicillin was inoculated with the overnight culture and incubated at 37°C with shaking until OD 600 = 0.6-0.8 (about 3-4 h) followed by induction with 2 mM isopropylb, D-thiogalactopyranoside (final concentration) for four hours at 30°C. Cells were collected by centrifugation at 5,000g for 20 min, resuspended in 40 ml working buffer (50 mM Tris-HCl, pH 7.4, 250 mM NaCl) and lysed by ultra-sonication without either protease inhibitors or lysozyme. The cellular debris was removed by centrifugation (20,000g, 25 min). The supernatant was examined for the presence of the caspase-6 by SDS-PAGE and stored at -20°C. The protein was purified from the soluble cell fraction using Ni-NTA chromatography (GE-Healthcare) according to the manufacturer's standard protocol. The protein fractions eluted in 0.35-0.5 M imidazole in working buffer were collected, dialyzed against working buffer and concentrated to approximately 3 mg/ml using Centricon-10 ultrafiltration (Amicon Inc). During the concentration step the caspase-6 processed (cleaved) itself into two subunits to become an active protease. The final purification step was done on Sephacryl S-100HR column (Pharmacia). The purity of caspase-6 was above 95% as estimated from Coomassie blue stained 10-20% (w/v) polyacrylamide gels, which were done in denaturing, reducing conditions. The purified protein was equilibrated with 100 mM HEPES, pH 7.25, containing 100 mM NaCl, 0.1% CHAPS, 10% sucrose, using Centricon-5 ultrafiltration, and stored at -20°C. The final yield of catalytically active caspase-6 was about 1.5 mg per liter of bacterial culture.
Expression and purification of caspase-3, -7 and -8
Recombinant human caspase-3, -7 and -8 were expressed in E. coli and purified as described previously [20, 23] .
Determination of activity
Measurements of the caspase activity were performed with the colorimetric assay as described previously [20] . Caspase-3, -7, and -8 were preincubated in assay buffer (50 mM HEPES, 100 mM NaCl, 0.1% CHAPS, 10% glycerol, 1 mM EDTA and 10 mM DTT, pH7.5) at room temperature for 5 min prior to the addition of substrate at different concentrations. The assay buffer for caspase-6 was 50 mM HEPES, pH 7.25, containing 100 mM NaCl, 10% sucrose, 0.1% CHAPS. The p-nitroanilide released by the substrate hydrolysis was measured at a wavelength of 405 nm using a Polarstar Optima microplate reader (BMG Labtechnologies, NC). All assays were performed in triplicate and the mean values were plotted. Kinetic constants were calculated by direct fits of the data, obtained at less than 20% substrate proteolysis, to the MichaelisMenten equation using non-linear regression analysis in SigmaPlot 9.0 (SPSS Inc). The catalytic constants k cat of caspase-3 substrates Ac-DEVD-pNA, Ac-LDEVD-pNA and Ac-QDEVD-pNA were determined by using the equation k cat = V max /[E], where [E] values were measured by active site titration during K i determination as described below. The same methods were used for other caspases tested in this study. Caspase-3 substrate analog inhibitors Ac-DEVD-Cho, Ac-QDEVD-Cho, and Ac-LDEVD-Cho form covalent bonds between the aldehyde (-CHO) group of the inhibitor and the mercapto (-SH) group of Cys163 on the protein. According to the vendor's instructions, the binding of these inhibitors is reversible, although it is strong. Therefore, they were treated as reversible tightbinding inhibitors. For the measurement of inhibition constant K i , caspase-3 was incubated with its substrate analog inhibitors in reaction buffer at room temperature for 30 min. Then, substrate was added and the reaction velocity was calculated according to substrate cleavage. The inhibition constants of each inhibitor were determined by a dose-response curve described by the equation:
where [E], [S] and IC 50 correspond to active enzyme concentration, substrate concentration and the inhibitor concentration needed to suppress half of the enzyme activity, respectively.
Crystallization, X-ray data collection and refinement of caspase-3 and -7 with LDESD
The crystals of caspase-7 complexed with inhibitor Ac-LDESD-CHO were grown by hanging drop vapor diffusion method at room temperature using 1:15 molar ratio of the enzyme (6 mg/ml) to inhibitor. The crystals were obtained with a well solution of 0.1 M sodium citrate buffer (pH 5.0-5.5) and 2.1 M sodium formate. Caspase-3 was incubated at room temperature with Ac-LDESD-CHO at 10-fold molar excess. Crystals were grown by the hanging-drop vapordiffusion method using a well solution of 100 mM sodium citrate (pH 7.0), 5% glycerol, 10 mM dithiothreitol, and 14-16% (w/v) PEG 6000. Crystals grew at room temperature within 24 h. The crystals were soaked in the mother liquor with 22% (caspase-7/LDESD) and 20% (caspase-3/ LDESD) glycerol as cryoprotectant for *1 min and immediately frozen in liquid nitrogen. Diffraction data were collected at 100°K on beamline 22-ID of the Southeast Regional Collaborative Access Team (SER-CAT) at the Advanced Photon Source, Argonne National Laboratory. The data were integrated and scaled with HKL2000 [24] . The crystal structures were solved by molecular replacement using PHASER [25] in the CCP4i suite of programs [26] using the starting models of caspase-7 complexed with Ac-DEVD-CHO (PDB code 1F1J) [16] and caspase-3 complexed with Ac-VDVAD-CHO (PDB code 2H65). The structures were subjected to several rounds of refinement in CNS or SHELX97 [27] for caspase-7 and -3, respectively. The molecular graphics programs O 9.0 [28] and Coot 0.33 [29] were used in model rebuilding. The inhibitor was fitted into unambiguous electron density. The solvent molecules were inserted at stereochemically reasonable positions based on the peak height of the 2F o -F c and F o -F c electron density maps, hydrogen bond interactions and interatomic distances. The geometry of the refined structures was validated according to the Ramachandran plot criteria of [30] . Sequence alignment was performed by using the ClustalW server [31] and GeneDoc (http://www.cris.com/ 2Ketchup/genedoc.shtml) was used to generate the figure. Molecular figures were prepared with Molscript, Raster3D [32] and PyMol (http://www.pymol.org). The crystal structures have been deposited in the Protein Data Bank with accession codes 3EDQ for caspase-3/ LDESD, and 3EDR for caspase-7/LDESD.
Construction of molecular model of caspase-6
The model for caspase-6 in complex with the peptide aldehyde Ac-LDESD-CHO was constructed by homology modeling from the new high resolution crystal structure of caspase-3/LDESD. Sequence alignment for caspase-6 was performed with a profile-profile method using full dynamics programming and the Kullback entropy [33] with frequency profiles obtained from Psi-BLAST [34] . The program AMMP [35, 36] was used with the latest version of the potential set, which was reparameterized to minimize RMS deviation when applied to high resolution crystal structures (parameter set atoms.tuna). All hydrogen atoms were included in this potential. The adduct of the catalytic cysteine 163 with P1 Asp, and the N-acetyl Leu at P5 were explicitly modeled with charges derived with the method of moments approximation [37] . Side chains were built using the analytic atom building routines in AMMP [38] followed by annealing over local dominating sets, minimization and conjugate gradients.
Results and discussion
Predictions for caspase recognition of P5 in substrates The P5 specificity of caspase-6 was predicted from comparison of the sequences and structures of caspases. Molecular models were generated for human caspase-6 due to the absence of diffraction quality crystals. Alignment of the amino acid sequences (Fig. 1) suggested that caspase-6 shared the P5 binding loop observed in the crystal structures of caspase-3 [20, 23] and caspase-2 with pentapeptides [17] . The hydrophobic P5 residue interacts with Phe250 and Phe252 in the S5 site of caspase-3 and with Tyr273 and Pro275 at the structurally equivalent positions in caspase-2. Caspase-6 with Phe263 and Lys265 at the equivalent positions was predicted to recognize both hydrophobic and polar P5 residues in substrates. In contrast, caspase-7 has the polar residues Gln276 and Asp278 in the corresponding positions of S5, and was predicted to recognize polar P5 residues. Caspase-8 was used as a control since there was no evidence for an S5 binding pocket in the sequence alignment or structure. Therefore, caspase-8 was expected to prefer tetrapeptides, or else to bind P5 of pentapeptides in a different manner to that observed for caspase-2 and -3. These predictions were evaluated by solving the crystal structures of caspase-3 and -7 with the peptide aldehyde inhibitor Ac-LDESD-CHO, and determining the activity of caspase-3, -6, -7 and -8 for the pentapeptides containing either hydrophobic Leu or polar Gln at P5 at the N-terminus.
Kinetic data for P5-containing substrates
The substrate hydrolysis was analyzed for the effector caspases-3, -6, and -7 and the initiator caspase-8. The effect of P5 in substrates was investigated using the pentapeptides Ac-LDEVD-pNA containing a hydrophobic P5 residue and Ac-QDEVD-pNA with a polar P5 residue. The tetrapeptide substrate Ac-DEVD-pNA, which is hydrolyzed efficiently by all four caspases, was used as a reference. The kinetic parameters for activity of caspase-3, -6, -7 and -8 are listed in Table 1 and the relative activities are compared in Fig. 2 . Caspase-3 showed increased relative activity of 146% for the pentapeptide with P5 Leu, in agreement with the previous study [20] , while the relative activity was lower (85%) for the peptide with the polar P5 Gln, due primarily to changes in K m . Caspase-6 showed increased activity for both pentapeptides; a small increase to 118% for LDEVD and a substantial increase to 148% for QDEVD, due to changes in both k cat and K m values relative and 0.058 min -1 lM -1 , respectively), in agreement with the known tetrapeptide specificity [19] . Caspase-7 showed decreases in relative activity to 56% and 67% for the substrates with P5 Leu and Gln, respectively, with changes in both k cat and K m . Dramatic changes were observed for caspase-8 where the relative activity dropped sharply to about 20% for both pentapeptides compared to DEVD with 3 to 4-fold increased values of K m .
Crystal structures of caspase-3/LDESD and caspase-7/LDESD Caspase-3 and caspase-7 were crystallized with the peptide aldehyde inhibitor Ac-LDESD-CHO. The caspase-3 complex was crystallized in the orthorhombic space group of P2 1 2 1 2 1 and caspase-7 complex was crystallized in the trigonal space group of P3 2 21. The structures were refined to the resolutions of 1.61 Å and 2.45 Å , respectively. The data collection and refinement statistics are listed in Table 2 . The caspase-7 structure is at lower resolution with higher B-factor likely due to the higher solvent content of 65% compared to 52% for the caspase-3 crystals. The mature caspase-3 contains two heterodimers (p17/p12) 2 , which are derived from processing of procaspase-3 (Fig. 3) . The residues 35-174 and 34-174 are visible in the electron density for the two p17 subunits, respectively, and 186-278 in the two p12 subunits in the heterotetramer. The overall structure of caspase-3/LDESD is very similar to the previously reported structures of caspase-3 with the canonical tetrapeptide DEVD and pentapeptide VDVAD [20] , with RMS deviations of 0.38 Å and 0.17 Å for Ca atoms, respectively. The asymmetric unit of caspase-7/ LDESD contains a complete catalytic unit of two p20-p10 heterodimers. Residues 58-196 and 52-196 are visible in the two p20 subunits, respectively, and residues 211-303 are visible in both p10 subunits in the heterotetramer. The refined overall structure of the caspase-7/LDESD is very similar to the previously reported structure of caspase-7 in complex with the canonical tetrapeptide DEVD [16] . The entire catalytic domain with the two heterodimers can be superposed with that of caspase-7/DEVD with RMS differences of 0.27 for 460 topologically equivalent Ca atoms.
Interactions of caspase-3 with LDESD
Most of the residues in the active site of caspase-3/LDESD are in similar positions and orientations when compared to those of the caspase-3/VDVAD complex [20] . The reported alternate conformations of His121 were also observed in the current structure, supporting the proposed Cys-His catalytic dyad hydrolysis mechanism [39] . All the residues in the peptide substrate are clearly visible in the electron density as shown in At the P5 position, the main chain amide of Leu forms a hydrogen bond interaction with the side chain hydroxyl of Ser209, and the main chain P5 carbonyl oxygen forms hydrogen bond interactions with both the hydroxyl side chain and the main chain amide of Ser209. The hydrophobic Leu side chain is accommodated in the hydrophobic pocket formed by the side chains of Phe250 and Phe252, which is similar to the P5 interactions in the caspase-3/ VDVAD structure. The CD1 of P5 Leu forms van der Waals interactions with the aromatic side chain of Phe252. In addition, CD2 of P5 forms van der Waals interactions with the side chains of both Phe250 and Phe252. The acetyl group of Ac-LDESD-CHO protrudes into the solvent region. It has been suggested that the P5 residue is unnecessary for the efficient cleavage of caspase-3 and -7 substrates [40] . However, the current investigation confirmed that caspase-3 has a hydrophobic S5 pocket, which recognizes hydrophobic P5 residues.
Predicted interactions of caspase-6 with LDESD
The modeled structure of caspase-6/LDESD showed very similar overall structure and interactions with the pentapeptide as observed in the crystal structure of caspase-3/ LDESD. These two caspases are predicted to have conserved hydrogen bond interactions with the pentapeptide, with the exception of the interactions with P5 (Fig. 5b) . The caspase-6 has different S5 amino acids in loop-3 and -4, forming similar interactions with P5 Leu to those in caspase-3/LDESD. The main chain carbonyl oxygen and amide of P5 are anchored by hydrogen bonds with the amide and side chain hydroxyl of Thr222 in caspase-6 rather than the structurally equivalent Ser209 in caspase-3. The side chain of P5 Leu forms hydrophobic interactions with loop-4 residues Phe263 and Lys265 in caspase-6, which correspond to Phe250 and Phe252 in caspase-3.
Interactions of caspase-7 with LDESD
The pentapeptide inhibitor in the caspase-7/LDESD complex adopts an extended conformation as seen for the canonical tetrapeptide DEVD. The P5 Leu in the pentapeptide buries an additional *208 Å 2 of surface area when compared to DEVD in the caspase-7/DEVD complex. The pentapeptide of caspase-7/LDESD can be superposed with those of caspase-2/LDESD, caspase-3/LDESD and caspase-3/VDVAD structures with RMS deviation of 0.54(0.48) Å , 0.22(0.35) Å and 0.31(0.43) Å for the 5 topologically equivalent Ca atoms, respectively (The values within the parenthesis are those of the inhibitor in the second catalytic site). The orientation and position of the P1-P4 residues of caspase-7/LDESD are very similar to those in the caspase-7/DEVD complex. The only difference is the Val/Ser substitution at the P2 position, and both side chains form similar hydrophobic interactions with Tyr230 of caspase-7 (Fig. 5c) . The P5 Leu side chain of LDESD interacts with the residues of the loop-4 in the active site cleft. However, the main chain amide and carbonyl oxygen of P5 Leu do not form hydrogen bonds with caspase-7, unlike the interactions observed in caspase-3/LDESD (Fig. 5a ). The CD1 of P5 Leu has van der Waals interactions with the side chain of Asp278. The P5 CD2 forms van der Waals interactions with Ca atom of Ser277, and the main chain carbonyl groups of both Gln276 and Ser277. The hydrogen bond interaction between the main chain carbonyl of Gln276 and the P4 amide in the caspase-7/DEVD structure is conserved in the caspase-7/LDESD complex, while the acetyl group of Ac-LDESD-CHO is exposed to the solvent.
Comparison of executioner caspase/LDESD structures
The P5 interactions were compared for the pentapeptide complexes with caspase-2, -3, -6 and -7 (Fig. 6) . The P5 Leu side chain forms similar hydrophobic interactions with the side chains of equivalent residues Phe250 and Phe252 in caspase-3, Tyr273 and Pro275 in caspase-2, Phe263 and Lys265 in caspase-6. However, in caspase-7 the P5 Leu side chain forms van der Waals interactions with the main chain atoms of residues 276-277 and the side chain of Asp278. In the other caspases, however, the P5 main chain interacts with Thr243 in the loop-3 of caspase-2, Ser209 in caspase-3, and Thr222 in caspase-6. In caspase-3, the P5 amino acid is secured by the interaction of its main chain amide with side chain hydroxyl of Ser209, and by the two hydrogen bonds formed by its carbonyl with main chain amide and side chain hydroxyl of Ser209. Similar interactions are predicted for Thr222 in the caspase-6 complex. In caspase-2, the main chain amide of Thr243 forms a hydrogen bond interaction with the carbonyl of P5 Leu and the side chain hydroxyl group of Thr243 interacts with the backbone amide of P5 [17] . Therefore, the hydroxyl of Ser or Thr of loop-3 in caspase-2, -3 and -6 forms stabilizing hydrogen bonds with the main chain of the P5 residue. In contrast, Pro235 is the corresponding loop-3 residue of caspase-7, which cannot form the hydrogen bonds that anchor P5 in the other caspases. When caspase-2/LDESD, caspase-3/ LDESD and caspase-7/LDESD structures are superposed, the residues P1-P4 of the peptides have almost identical position and orientation (Fig. 7) . However, the Ca of the P5 residue of caspase7/LDESD is *2 Å further away from Pro235 in loop-3 when compared to the corresponding positions in the pentapeptide complexes of caspase-2 and caspase-3. This change is due to loss of the critical hydrogen bonds in the caspase-7/LDESD complex. Instead, the P5 Leu side chain forms closer interactions with the loop-4 residues Ser277 and Asp278. Therefore, unlike caspase-2, -3 and -6, caspase-7 is not structurally suited to accommodate the hydrophobic P5 residue in peptides.
Induced-fit conformational change in caspase-3 and not in caspase-7
Interactions between P5 residues and caspase-3 residues forming the S5 subsite were associated with conformational changes in loop-1 and loop-4 regions when compared with the complexes with tetrapeptides [20] . Structures of caspase-3 with tetrapeptide DEVD, pentapeptides LDESD and VDVAD were superimposed, and the distance between the Ca atoms of Gly60 (in loop-1) and Asp253 (in loop-4) was measured to assess the conformational differences (Fig. 8) . Although these three caspase-3 crystal structures are not isomorphic, loop-1 has no crystal contacts, while loop-4 has similar hydrophobic interactions with a symmetry-related molecule. Therefore, the conformational change at S5 subsite is mainly due to the interactions of P5 residue with the loop residues. The two loops have moved closer by about 3 Å in the structures of caspase-3/LDESD and caspase-3/VDVAD compared with that of caspase-3/DEVD. This conformational change partly closes the binding pocket formed by the four loops and enables the P5 side chain to form favorable van der Waals interactions with caspase-3 residues. In the caspase-3/VDVAD structure, only one of the P5 Val CD atoms has hydrophobic interactions within the S5 pocket formed by Phe250 and Phe252 [20] . In the caspase-3/LDESD structure, however, both CD atoms of the P5 Leu have van der Waals contacts with Phe250 and Phe252 (Figs. 6a, 8a ). This observation confirms that loop-1 and loop-4 regions of caspase-3 are flexible and accommodate different P5 residues by an induced-fit mechanism. However, it is not possible to determine from these static crystal structures whether the observed conformational differences result from entropic or enthalpic contributions.
Similar analysis was performed for the structures of caspase-7 in complex with tetrapeptide and pentapeptide (Fig. 8b) . Loop-1 and -4 of caspase-7 do not show any crystal contacts. The separation of loop-1 and -4 is very similar in caspase-7/DEVD and caspase-7/LDESD (17.5 and 16.8 Å , respectively), indicating that no conformational change was induced in agreement with the kinetic data. The existence of a conformational change in caspase-6 upon binding of P5 residue cannot be verified in the absence of crystal structures. However, its preference for a P5 residue in the kinetic analysis and structural similarity with caspase-3 suggested that caspase-6 also has a flexible S5 binding site formed by the four loops.
Correlation of kinetic and structural data Knowledge of the molecular structures of caspases has been critical for understanding their recognition of substrates and inhibitors. The kinetic data can be interpreted in Fig.7 Superposition of pentapeptide substrate analogs in the caspase active site. The inhibitor and the critical loop-3 residue that fixes the P5 position in structures of caspase-2, -3, -6 and -7 complexes with LDESD are shown in green, red, element type and yellow, respectively. Hydrogen bonds between P5 and Thr/Ser of loop-3 in caspase-2, -3 and -6 are indicated by broken lines. The substitution of Pro in loop-3 of caspase-7 eliminates these crucial hydrogen bonds light of the caspase residues in the loops of the S5 subsite interacting with the P5 residue. The caspase-3/LDESD structure showed hydrophobic interactions between the side chains of P5 Leu and Phe250 and Phe252 in the S5 pocket, similar to those reported for P5 Val in caspase-3/ VDVAD and consistent with the increased activity (150%) for pentapeptides with hydrophobic P5 Leu compared to tetrapeptides of the same P1-P4 sequence ( Fig. 2; [20] ). However, the activity was similar for the tetrapeptide DEVD and the pentapeptide QDEVD, suggesting little effect of polar P5 residues. The putative S5 pocket of caspase-6 shares similarities with those of caspase-3 and -2 since Phe and Lys are present at equivalent positions in loop-4, and Thr is at the P5 anchoring position in loop-3 (Fig. 6b) . Moreover, the Phe263 in S5 can form hydrophobic contacts with P5 Leu, while the Lys265 may interact with polar P5 residues like Gln. Hence, caspase-6 was predicted to form favorable interactions with both hydrophobic and polar P5 residues in agreement with the relative activity data, although there is a preference for polar P5 (Fig. 2) .
Caspase-7 has the polar residues Gln and Asp at structurally equivalent positions in the S5 pocket (Fig. 6c) and was predicted to prefer polar residues at P5. However, caspase-7 showed lower activity for P5 Gln and P5 Leu in pentapeptides relative to DEVD suggesting no preference for polar P5 residues (Fig. 2) . This specificity difference of caspase-7 compared to the caspase-2, -3 and -6 correlated with the observed interactions of P5 with the residue at the loop-3 anchoring position. Structural analysis suggests the loop-3 residue Thr243/Ser209 in caspase-2, -3 and -6 is crucial for the recognition and anchoring of P5 residues. In caspase-7, the substitution of an imino acid, proline, at the structurally equivalent position in the loop-3 prevents the formation of the hydrogen bond with the carbonyl of P5, while the nonpolar side chain of proline abolishes the other hydrogen bond with the amide of P5 that anchors this residue in the S5 binding pocket (Fig. 7) . The presence of Pro rather than Ser or Thr explains the lower activity of caspase-7 with P5-containing substrates.
Caspase-8 lacks the long surface loop-4 that forms the S5 pocket in the executioner caspases, while the P5 anchoring residue in loop-3 is proline as in caspase-7 (Fig. 1) . Therefore, caspase-8 strongly prefers the tetrapeptide substrate DEVD compared to the two tested pentapeptides. Comparison of the primary structures of other human caspases reveals that inflammatory caspase-1 and apoptotic initiator caspase-9 also have proline as the S5 residue in loop-3 and hence it is likely that these caspases have no preference for the P5 residue in their substrates.
Our structural and kinetic analysis of the preference of executioner caspases for the P5 position of substrates will help identify the specific protein substrates and apoptotic pathways activated by each caspase. The P1 to P4 substrate recognition sequences of the executioner caspases are similar and hard to differentiate, especially between caspase-3 and -7. The P5 residue will contribute less than the P1 to P4 residues to the overall affinity for caspases and therefore, the differences in the relative k cat /K m are also small. Our studies have shown that the hydrophobicity of the S5 subsite in caspase-3 and -6 is consistent with the relative k cat /K m for cleavage of peptides with hydrophobic or polar P5 residues, while caspase-7 does not strongly interact with P5 of peptides. These findings are valuable in understanding the presence of redundant executioner caspases. Importantly, differences were identified in P5 recognition of caspase-3 and -7, which otherwise recognize very similar substrates, and these differences were correlated with the residue present in the newly defined loop-3 anchoring position and the caspase conformation with pentapeptides rather than tetrapeptides. Such differences in substrate recognition can be exploited in the rational design of selective inhibitors, which has proved a challenge, especially for caspase-3 and -7 [21, 41] . Selective pharmacological inhibitors of specific caspases are desirable to reduce cell death for treatment of diseases characterized by increased apoptosis, such as stroke, heart disease and neurodegenerative diseases.
